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INCREASING THE STABILITY OF 
FUNCTIONALIZED MOLECULAR MOTORS. 
A NEW SHORT LOOPED MOLECULAR 
MOTOR, A MOLECULAR WALKER, AND A 
FUNCTIONALIZED MOLECULAR MOTOR 








In this chapter, a new functionalized molecular motor is presented. This new 
structure presents two benzyl functional groups, and displayed increased stability 
under purification conditions compared with the structures presented in the previous 
chapters.  
This functionalized molecular motor is used as scaffold to produce more complex 
systems. In particular, a molecular walker, a new dopant for liquid crystals and a new 










5.1  Introduction 
 
 
It is of interest to investigate more systems with novel topologies, in order to establish 
the limits of the rotary function and to discover new emerging features and/or new 
applications. In the previous chapters, the synthesis of functionalized molecular motors as 
a scaffold to create systems with novel topologies has been presented (see Chapters 3 and 
4). However, a limit to the application of these systems comes from the chemical 
instability of the basic structures designed. Scaffold 5.1 (see Chapter 3) presents two 
hydroxy groups separated by only 4 carbon atoms from the central double bond (Chart 1). 
This proximity seems to be related to the degradation of compound 5.1, expecially for the 
trans isomer, which could not be isolated in a pure state. An improvement was achieved 
with structure 5.2, where the distance between central double bond and the two hydroxyl 
functionalities is increased from 4 to 8 carbon atoms (see Chapter 4). The stability of this 
structure was indeed somewhat higher. However, to continue our research on 
functionalised molecular motors, we chose to design a third structure where the hydroxyl 
functional groups are attached to the motor moiety with a more rigid linker, which does not 
allow them to come into the vicinity of the central double bond. Structure 5.3 shows two 
phenol groups which, because of their rigidity, limit the interaction of the hydroxy groups 
with the central double bond (Chart 1). Therefore, this compound was expected to be more 






5.1 5.2 5.3  
 
Chart 1: Structures of three functionalized molecular motors. 
 
 
That the motor function is mantained in this structure is suggested by studies on its non-
functionalized version (see Chapter 6). 
In this chapter, the synthesis of compound 5.3 is presented, together with its use as a 
scaffold to build three new systems, namely a molecular walker for surfaces, a new dopant 
for liquid crystals, and a new looped-motor (Scheme 1). Furthermore, the rotary function 
of the molecular walker and the liquid crystal dopant are fully investigated with 1H-NMR 
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Scheme 1: Systems developed in this Chapter: a) a molecular walker for surfaces, b) a new dopant for liquid 




5.2  Design and synthesis of the scaffold 
 
 
Scaffold 5.3 was designed on the basis of the rigidity of the phenol moiety. In contrast 
to 5.1 and 5.2 where the hydroxy groups are connected to the motor moiety with a flexible 
alkyl chain, in 5.3 the use of a more rigid benzyl unit as linker severely limits, with a p-
hydroxy substituent, the action of the hydroxy groups on the central double bond of the 
motor. 
 
In Scheme 2 the retrosynthesis of overcrowded alkene 5.3 is shown. Structure 5.3 can 
be obtained from ketone 5.4 via a McMurry coupling, after protection of the hydroxy 
group. Ketone 5.4 can be obtained via an intramolecular Friedel-Crafts acylation of the 
carboxylic acid obtained from the hydrolysis of ester 5.5. Ester 5.5 can be made by α-
Chapte 5 
alkylation with 2-(bromomethyl)-naphthalene of ester 5.6, which can be prepared starting 
from the commercially available 3-(4-hydroxyphenyl)propanoic acid in two steps: 
esterification and protection of the phenol. A benzyl was chosen as the protecting group in 
5.6 because of its resistance to the basic conditions of the α-alkylation and hydrolysis of 
the ester. Moreover, the benzyl group is known to be cleaved in presence of a Lewis acid; 
for this reason, it can be expected that in the Friedel-Crafts acylation of the acid of ester 
5.5, not only the ring closing, but also deprotection of the benzyl group can occur, killing 


















5.4 5.5 5.3 
 5.6 
 
Scheme 2: Retrosynthetic analysis of scaffold 5.3. 
 
 
The synthesis of ketone 5.4 is shown in Scheme 3. Esterification of the commercially 
available 3-(4-hydroxyphenyl)propanoic acid gave compound 5.7 in quantitative yield. 
Subsequently, the phenol was protected with a benzyl group, and the product 5.6 was 
deprotonated with freshly prepared lithium diisopropylamide (LDA) to be alkylated with 2-
(bromomethyl)-naphthalene (prepared according to a literature procedure1), yielding 62% 
of 5.5. Next, the ester was hydrolyzed to acid 5.8 in 95% yield, which was activated 
subsequently with oxalylchloride and reacted immediately with aluminium trichloride. The 
result of this reaction was a mixture of ketone 5.9 with a protected phenol and ketone 5.4 
with a deprotected phenol, in a yield of 43% and 53%, respectively. These compounds 
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5.4 5.9  
 
Scheme 3: Synthesis of ketone 5.4. 
 
 
As summarized in Scheme 4, several attempts were made to obtain compound 5.4 by 
deprotection of compound 5.9, but all were unsuccessful. In particular, the same reaction 
conditions used on compound 5.8 were tried (oxalylchloride and aluminium trichloride), 
followed by other Lewis acids (TiCl4 and BBr3), H2/Pd up to 50 atm, and strong acidic 
conditions (with hydrochloric acid, sulfuric acid or TFA), and in every case either starting 




  5.45.9 
 
Scheme 4: Failed attempts for the de-benzylation of compound 5.9. i) conditions: oxalyl chloride, DMF (2 
droplets) in DCM; AlCl3 in DCM at rt o/n; TiCl4 in THF at rt o/n; 50 μl of BBr3 in 1,2-dichloroethane at 
reflux o/n; H2/Pd in methanol at rt 1 d; H2/Pd in ethyl acetate at rt 1 d; H2/Pd 50 atm  in ethyl acetate at rt o/n; 
TFA 15% in ethyl acetate at 50ºC 7 h; TFA in thioanisole at 50ºC 40 h (according to a literature procedure2); 





The synthesis of scaffold 5.3 from ketone 5.4 is shown in Scheme 5. Ketone 5.4 was 
protected again with a TBS group, as it is resistent to McMurry coupling conditions and 
easy to cleave in high yields under conditions compatible with the motor moiety (5.11). 
Next, a McMurry coupling gave the protected motor 5.11 as a mixture of cis and trans 
isomers in a ratio that ranged from 1/2 to 2.2/1,3 with a total yield ranging from 29 to 70%. 
Finally, deprotection with tetrabutyl ammonium fluoride performed on the mixture of cis 
and trans isomers, gave the deprotected motor 5.3 in high yield. The cis and trans isomers 
were separated only at this stage, due to better separation on column chromatoghraphy 
with respect to the less polar protected 5.11. Both isomers of the functionalized motor 5.3 
displayed improved stability under purification conditions (silica gel) compared to the 






























cis 5.11 trans 5.11 
cis 5.3 trans 5.3  
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1H-NMR spectroscopic analysis allows for identification between cis 5.11 and trans 
5.11. For instance, the absorptions of the protons of the naphthalene groups in the cis 
isomer are found at higher field, due to the higher proximity of the two moieties compared 




5.3  The molecular walker 
 
 
5.3.1  Introduction 
 
Porphyrins have a great propensity to accommodate a metal, which can be used to 
coordinate functional molecules. Metalloporphyrins are promising materials for the 
development of molecular-based catalytic or coordinating systems formed by self-
assembly.4 Among metalloporphyrins, zinc-porphyrins in solution have been extensively 
investigated mainly because of their binding affinity toward many different amine ligands, 
providing stable complexes, whereas other metalloporphyrins show lower binding affinity 
and/or show different oxidation states.5 
 
A study  on the dynamic behavior of zinc-5,10,15,20-meso-tetradodecylporphyrin (Zn-
TDP) on surfaces and its use to achieve a 2D patterning of ligands has recently been 
reported by our group.6 In this study, it is shown by STM measurements how Zn-TDPs 
self-assemble into stable organized arrays on the surface of highly oriented pyrolytic 
graphite (HOPG), thus positioning their metal center at regular distances from each other, 
creating in this way a molecular pattern, while still retaining the possibility to coordinate 
additional ligands like they do in solution. In Figure 1a the self-assembling on HOPG of 
free base TDPs is shown.7 Because of steric restrictions, they adopt a conformation in 
which only two dodecyl tails per molecule physisorb along the main axes of HOPG, while 
the other two are disordered in the solution phase. The monolayers formed by Zn-TDPs 
(Figure 1b) exhibit a similar packing compared to that formed by free base TDPs. 
Consequently, the packing model shown in Figure 1d also corresponds to the structure of 
the Zn-TDP monolayer. Figure 1c displays a typical STM image of the self-assembled 
monolayer of Zn-TDP coordinated with 3-nitropyridine. Similar to that in Zn-TDPs, the 
bright areas are attributed to the porphyrin cores (the resolution of the coordinated Zn-TDP 
cores is lower compared to the resolution that is obtained with noncoordinated Zn-TDPs 
probably because of the fact that height variations are more important for coordinated Zn-
TDPs than for non-coordinated ones). In conclusion, free base TDPs, Zn-TDPs and 3-
nitropyridine coordinated Zn-TDPs, are all able to form a surface pattern. 
 
Moreover, it has been observed that the binding between 3-nitropyridine and Zn-TDP is 




Additionally, shifting of pyridine molecules between two contiguous physisorbed Zn-TDPs 
could be observed by STM, which was the first example reported of dynamic behavior of 














Figure 1: a) STM image (VT = 355 mV, iT = 17 pA, 8.1 nm × 8.1 nm) of a self-organized monolayer of free 
base 5,10,15,20-meso-tetradodecylporphyrin (TDP) on HOPG. Parameters of the unit cell are a=1.4±0.1 nm, 
b=1.9±0.2 nm, α=100±6º. b) STM image (VT = 383 mV, iT = 12 pA, 9.3 nm × 9.3 nm) of a self-organized 
monolayer of Zn-5,10,15,20-meso-tetradodecylporphyrin (Zn-TDP) on HOPG. Parameters of the unit cell are 
a=1.4±0.2 nm, b=2.0±0.2 nm, α=98±8º. c) STM image (VT = 761 mV, iT=13 pA, 20.8 nm × 20.8 nm) of a 
monolayer of 3-nitropyridine coordinated Zn-TDPs. Parameters of the unit cell are a=1.4±0.1 nm, b = 
1.9±0.1 nm, α = 86±8º. d) Proposed packing model of free-base TDP on HOPG. For each TDP, two alkyl 
chains out of four (those that are not adsorbed and disordered in solution) have been omitted for clarity. The 
packing of Zn-TDP and of Zn-TDP coordinated to 3-nitropyridine is similar within experimental error 
(reproduced from ref. 6). 
 
 
In this work, we functionalize the scaffold 5.3  with two pyridines moieties in order to 
coordinate the motor to a self-assembled monolayer of Zn-TDP, and the rotary function 
was verified by 1H-NMR and UV/Vis measurements.  As dynamic behavior of 3-
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nitropyridine has already been observed, we can also expect to observe Brownian motion 
of this functionalized motor on the surface. Under irradiation conditions, which implies 
activation of the unidirectional rotary function of the motor, a deviation from Brownian 
motion, i. e. stimulated motion, can be expected. This could be the first example of 
controlled motion of a light induced molecular rotary motor on a surface. STM 
xperiments are in progress.8 
.3.2  Synthesis 
 
 oxalylchloride, and immediately reacted with trans 






The synthesis of  5.13 started with the commercially available nicotinic acid. It was 






Scheme 6: Synthesis of functionalized molecular motor 5.13. 
 
that motor 5.13 can 






In Figure 2 an example of conformation of motor 5.13 is shown, where the distance 
between the two nitrogens is about 17 Å. Considering that the distance between the zinc 
atoms in the self-assembled monolayer of Zn-TDP is 14 and 20 Å along the short and the 








Figure 2: Stable cis (a) and stable  trans (b) isomers of motor 5.13 in a local minimum where the distance 
between the two nitrogen atoms is 17 Å, optimized at the PM39 level of theory. 
 
 
5.3.3  1H-NMR measurements 
 
1H-NMR spectroscopy is a powerful tool for the study of molecular motors, in that each 
of the four isomers is characterized by different chemical shifts. The rotary cycle can 
therefore easily be followed with this spectroscopic method. Therefore, 1H-NMR 
measurements were performed to verify the unidirectional rotary function of molecule 
5.13.  
 
In Figure 3a the aromatic region of the 1H-NMR spectrum of a sample of motor trans 
5.13 in DCM-d2 at -50ºC is shown. The trans isomer can be recognized by the absorptions 
of the protons of the naphthalene moiety ranging from 7.4 to 8.5 ppm (see Chapter 2 and 
ref. 10). Also the absorptions from the nicotinic acid moiety are visible, and hardly show 
any shift for all the four conformations of 5.13 involved in the cycle.   
 
The solution was irradiated with a 365 nm lamp for 4 h, while kept at -75ºC in an 
ethanol bath, and then measured again at -50ºC (Figure 3b). A shift of all the absorptions of 
the motor unit is observed, implying full conversion to a new isomer. This isomer was 
identified as the unstable cis (the cis isomer where the benzylic carbons are in a pseudo-
equatorial position) by comparison with similar results previously reported (ref. 10 and 
Chapter 2). The high field shift of the naphthalene protons (6.5-7.7 ppm) is due to the 
proximity of the naphthalene moieties of the cis configuration. In this case the 
photostationary state (PSS) showed complete conversion, while in the corresponding non–
functionalized 5-membered ring motor the stable trans/unstable cis isomeric ratio at the 
PSS when irradiated in the same solvent and at the same wavelength was only about 12:88 
(see Chapter 2). 
 
An increase of the temperature of the sample of the irradiated 5.13 to 30ºC led again to 
a shift of all the 1H-NMR signals of the naphthalene moiety, indicating the formation of 
another isomer (Figure 3c, acquired at -50ºC). Again by comparison with previously 
17 Å 17 Å 
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reported results (ref. 10 and Chapter 2), the new isomer formed was assigned to be the 
stable cis, characterized by a pseudo-axial orientation of the benzylic groups and by the 
absorptions of the protons of the naphthalene moiety in the 1H-NMR spectrum from 6.3 to 
7.8 ppm. 
 
To study the second photochemical step, the same sample, containing now the stable 
cis isomer of molecule 5.13, was used. It was irradiated with a 365 nm lamp for 4 h in an 
ethanol bath at -75ºC. Successively, a 1H-NMR spectrum was acquired at -50ºC (Figure 
3d). Comparison with analogous experiments (ref. 10 and Chapter 2) showed this isomer to 
be the unstable trans, characterized by a pseudo-equatorial position of the benzylic groups 
and a range of the protons of the naphthalene moiety in the 1H-NMR spectrum shifted 
again to lower field (7.4-8.0 ppm range). The PSS showed remaining cis isomer in ca. 5% 
(see for example the two absorptions in the 6.4-6.7 ppm region), while in the 
corresponding non–functionalized motor the conversion from stable cis to unstable trans at 
the PSS obtained after irradiation in the same solvent and at the same wavelength was 
about 90% (see Chapter 2). The sample was then allowed to warm up to 30ºC until the 
thermal conversion to the stable trans isomer (where the benzylic carbons are again in a 













Ha               
R = 
a) 
    
stable trans 
Hq          Hm        Ha      Hp  Hd   He  Hb   Hc     Hn       Hf   Hi         Hg
 b) 
    
unstable cis Hq                Hm           Hp                   He   Hd  Hn    Hi    Hf     Hg      Ha   Hc    Hb            
 




Hq                Hm           Hp                   He   Hd  Hn   Hf           Hg+Hi    Hc    Ha    Hb        stable cis 
 
d) 
    
unstable trans Hq          Hm        Hp      Ha  Hd   He  Hb   Hc         Hn   Hf    Hi           Hg 
 e) 
    
stable trans 
ppm 6.507.007.508.008.509.00  
 
Figure 3: 1H NMR measurements of motor 5.13 in DCM-d2. a) stable trans; b) first irradiation (λ = 365 nm): 
unstable cis; c) first thermal step: stable cis; d) second irradiation (λ = 365 nm): unstable trans; e) second 
thermal step: stable trans. (All the spectra were acquired at -50ºC). 
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It can clearly be seen that the 1H-NMR spectra in Figure 3a and Figure 3e are identical, 
proving that the structure obtained after the second thermal step is again the stable trans, 
and that one cycle of 360º has been successfully performed. So, in a final analysis, we can 
conclude that molecule 5.13 functions as a motor, in that no specific effect due to the new 
scaffold design and the nicotinic acid moiety could be detected. The full rotary cycle is 
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stable trans 5.13 
(R,R)-(M,M) 
unstable cis 5.13 
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5.3.4  UV/Vis measurements and kinetic study 
 
A 2.8·10-5 M solution of motor trans 5.13 in dichloromethane was used for UV/Vis 
spectroscopic measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 4a. The spectrum at -50ºC was acquired, presenting two maxima at 347 and 375 nm. 
The sample was kept at this temperature and irradiated with 365 nm light until the PSS was 
reached. As in the 1H-NMR experiments, complete conversion of trans 5.13 was observed 
after irradiation, and considering that the solvent and the light used were the same 
employed in this experiment (i. e. DCM and 365 nm), the same result can be expected 
here. This means that the UV/Vis spectrum at the PSS is representative (within the 
experimental error of 5% for 1H-NMR) of the unstable cis 5.13. A bathochromic shift was 
observed, with a maximum at 405 nm and a decrease in absorption. Increasing the 
temperature to 30ºC for 1.5 h resulted in the UV/Vis spectrum to change to give a 
maximum at 373 nm (acquired at -50ºC). This UV/Vis spectrum is characteristic of a stable 
cis  isomer (ref. 10 and Chapter 2), and suggests therefore that the expected thermal 
rearrangement did occur. 
 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra 
are shown in Figure 4b. Light of 365 nm was used to irradiate at -50ºC the solution of the 
previously obtained cis 5.13. When the PSS was reached, a UV/Vis spectrum was acquired 
at -20ºC. On the basis of the 1H-NMR experiments, the PSS can be expected to consist of a 
stable cis/unstable trans isomeric ratio of 5:95. Also in this case a bathochromic effect 
(maximum at 402 nm) is clearly visible, together with an increase of absorption. After 
performing the second thermal step by an increase of temperature (up to 25ºC), the 
resulting UV/Vis spectrum was acquired at -50ºC, and was found to be similar to the 
spectrum of the initial isomer stable trans 5.13. The slight difference in the UV/Vis of the 
final spectrum after one cycle compared with the one of the initial stable trans 5.13 is 
expected since after completing one cycle the amount of trans is <100%, with some of the 
sample in the cis state (<5%). 
 
Isosbestic points were maintained for each of the four steps. The results are shown in 
Figure 5. Figure 5a and Figure 5c refer to the photochemical steps, and were obtained at 
regular intervals during irradiation; Figure 5b and Figure 5d refer to the thermal steps, and 
were obtained at regular intervals during the thermal inversion. 
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Figure 4: UV/Vis study of molecule 5.13 (2.8·10-5 M in DCM). a) first half of the cycle: stable trans (thick 
line), PSS after irradiation (main product: unstable cis, thin line), after thermal inversion (main product: 
stable cis, dotted line); b) second half of the cycle: sample after the first thermal inversion (main product: 
stable cis, thick line), PSS after irradiation (main product: unstable trans, thin line), after thermal inversion 






































































Figure 5: UV/Vis irradiation and thermal inversion experiments for 5.13 (λ = 365 nm). a) photochemical step 
from stable trans to unstable cis; b) thermal step from unstable cis to stable cis; c) photochemical step from 





UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. 
A 300 nm filter was mounted on the exit of the UV/Vis light source to cut off high 
energy light that might otherwise induce unwanted photochemistry during the thermal 
conversion. The changes in UV/Vis absorption spectrum as a function of time due to the 
thermal inversion at the specific wavelengths at different temperatures (15, 20, 25 and 
30ºC for the thermal step of unstable cis 5.13 to stable cis 5.13 and -10, 0, +5 and +10ºC 
for the thermal step of unstable trans 5.13 to stable trans 5.13) were measured. From these 
data the rate constants (k) for the first-order thermal helix inversion processes at the 
different temperatures were obtained. The standard enthalpy of activation (Δ‡Hº) and the 
standard entropy of activation (Δ‡Sº) were determined from the rate constant by means of 
the Eyring plot, and from this, the Gibbs free energy of activation (Δ‡G) and the half life 
(t1/2) at 20ºC were calculated. The Eyring plots of the first thermal step (unstable cis to 
stable cis) and of the second thermal step (unstable trans to stable trans) are shown in 







































Figure 6: Eyring plot of motor 5.13, relative to: a) the first thermal step (unstable to stable cis), and b) the 




 unstable to stable trans unstable to stable cis 
k20ºC 2.5·10-2 s-1 5.5·10-4 s-1 
Δ‡Hº 57 kJ·mol-1 83 kJ·mol-1 
Δ‡Sº -80 J·K-1·mol-1 -24 J·K-1·mol-1 
Δ‡G20ºC 81 kJ·mol-1 90 kJ·mol-1 
t1/220ºC 28 s 21 min 
 
Table 1: Thermodynamic data for motor 5.13. 
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It is of interest to compare the speed of motor 5.13 with the speed of another related 
motor already studied. In Table 2 the half lives of motor 5.13, of benzyl motor 5.14 
(Chapter 6) which represents the non-functionalized version of 5.13, and the unsubstituted 


















28 s 37 s 18 s 
t1/220ºC 
unstable-stable cis 21 min 13 min 74 min 
 
Table 2: Comparison of the half lives at 20ºC of the unstable isomers of motor 5.13 with motor 5.14 (see 
Chapter 6) and the methyl motor (see ref. 10). 
 
 
It can be seen that the order of magnitude of the half lives of all the three considered 
motors is the same for both the unstable trans and the unstable cis. Therefore, not only the 
functionalization of molecular motor 5.13 does not prevent the rotary motion, but it also 




5.4  The LC dopant motor 
 
 
5.4.1  Introduction 
 
Liquid crystals (LCs) are a state of matter that has properties between those of a 
conventional liquid and those of a solid crystal, and are therefore often referred to as the 
“fourth state of matter”. They can be found both in the natural world (for example many 
proteins and cell membranes, as well as butterfly wings, are LCs) and in technological 
applications (like modern electronic displays). Mesogens (liquid crystal forming 
molecules) have weak anisotropic interactions which can cause either positional or 
 223
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directional orientation. Though the degree of organization is less than is the case for a 
crystalline system, it’s ordering is significantly higher than in a liquid. As a consequence of 
the high orientational and dynamic nature of liquid crystals, these systems are susceptible 
to external stimuli such as magnetic and electric fields, and temperature.11 Also additives 
can have a large impact on the type of liquid crystalline phase that is formed. 
 
Rigid, rod-like mesogens can form phases called calamitic, which can be subdivided in 
two categories: the smectic and nematic phases (Figure 7).11 In the nematic phase there is 
directional ordering along one director. The smectic phase presents also an additional 
positional order, as the molecules in these liquid crystalline systems appear ordered in 
layers. 
 
A nematic phase can also be chiral, in which case it is usually referred to as a rusted 
nematic or cholesteric phase (Figure 7d).12 It can be generated from chiral nematic mesogens 
or from achiral mesogens to which a non-racemic chiral dopant has been added.13 
In the cholesteric phase, the mesogens show a twisting along the director, showing 
helical order, with their axis perpendicular to the director. The finite twist angle between 
adjacent molecules is due to their asymmetric packing, which results in longer-range chiral 
order. A wide range of chiral dopant molecules have been used to induce this helicity 
among various mesogens (TADDOL derivatives are a classical example as some of the 
most efficient14), conferring to the generated helical supramolecular structure many unique 
optical properties such as selective reflection of circularly polarized light, high optical 




                
a) b) c) d) 
 
Figure 7: Schematic representation of liquid crystal phases: a) calamitic nematic phase, b) calamitic smectic 
A phase, c) calamitic smectic C phase, d) cholesteric phase. The rods represent the local direction of the 
director. In the cholesteric phase, the length for a 360º rotation in the director is called “pitch” (reproduced 
from ref. 16). 
 
 
Beside chiral molecules, also chiral switchable molecules have been used as dopants: 
the two conformations of a switch can affect the LC phase differently, resulting in an 
externally addressable LC phase.17 It has been demonstrated that also our unidirectional 
 224
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molecular motors can be used as chiral dopants, and that under irradiation of the sample 
the cholesteric phase reorganizes in a rotary fashion.18 The molecular motors developed in 
our group have been proven to be among the most efficient switchable dopants for liquid 
rystal mesogens up to date.19 
.4.2  Synthesis 
 
allowed to react with scaffold trans 5.3 to give product 






The functionalized molecular motor 5.17 was synthesized starting from the 
commercially available 4'-pentylbiphenyl-4-carbonitrile (5CB), which was hydrolyzed to 
the corresponding carboxylic acid 5.15 in good yield following a literature procedure.20 
Acid 5.15 was then activated forming the correspondent acyl 5.16 by meant of 


















Scheme 8: Synthesis of functionalized molecular motor 5.17. 
 
 motor to the liquid crystals by 
dopting a helical orientation with respect to each other. 
 
5.15 5.16 5.17 
trans 5.3 
 
An example of a conformation of motor 5.17 is shown in Figure 8. The two biphenyl 








Figure 8: An example of a conformation of motor 5.17, where the two biphenyl units are interacting forming 
a helical motif. The motor moiety (dark) was optimized at the PM3 level9, whilst the arms were separately 




5.4.3  1H-NMR measurements 
 
As for motor 5.13, 1H-NMR measurements were performed to verify the unidirectional 
rotary function of molecule 5.17. 
In Figure 9a the region of the 1H-NMR spectrum from 6 to 9 ppm of a sample of trans 
motor 5.17 in DCM-d2 at -50ºC is shown. The trans isomer can be recognized by the 
absorptions of the naphthalene moiety ranging from 7.4 to 8.5 ppm (see Chapter 2 and ref. 
10). Also the absorptions from the mesogenic moiety are visible, and remain almost 
unshifted in all the four conformations of the cycle.   
 
This solution was irradiated with a 365 nm lamp for 4 h, while kept at -70ºC in an 
ethanol bath, and measured again at -50ºC (Figure 9b). A shift of all the absorptions of the 
motor moiety is observed, implying full conversion to a new isomer. As the range of the 
aromatic absorptions of the naphthalene moiety is 6.5-7.7 ppm, this isomer was identified 
as the unstable cis (the cis isomer where the benzylic moieties are in a pseudo-equatorial 
position) by comparison with similar results reported previously (ref. 10 and Chapter 2). In 
this case 1H-NMR spectroscopy shows that the photostationary state (PSS) essentially 
complete conversion is reached, while in the corresponding non–functionalized 5-
membered ring parental motor the stable trans/unstable cis isomeric ratio at the PSS when 
irradiated in the same solvent and at the same wavelength was only ca. 12:88 (see Chapter 
2). 
 
An increase in the temperature of the irradiated sample of 5.17 to 30ºC led again to a 
shift of all the 1H-NMR signals of the naphthalene moiety, indicating the formation of 
another isomer (Figure 9c, acquired at -50ºC). Again by comparison with previously 
reported results (ref. 10 and Chapter 2), the new isomer formed was identified as the stable 
cis isomer, characterized by a pseudo-axial position of the benzylic carbons and the 
absorptions of the naphthalene moiety in the 1H-NMR spectrum range from 6.3 to 7.8 ppm. 
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To study the second photochemical step, the same sample, containing now the stable 
cis isomer of molecule 5.17, was used. The solution was irradiated with a 365 nm light for 
4 h in an ethanol bath at -70ºC. Subsequently, a 1H-NMR spectrum was acquired at -50ºC 
(Figure 9d). Comparison with analogous experiments (ref. 10 and Chapter 2) showed this 
isomer to be the unstable trans, characterized by a pseudo-equatorial position of the 
benzylic carbons and a range of the protons of the naphthalene moiety in the 1H-NMR 
spectrum from 7.4 to 8.0 ppm. Also in this case 1H-NMR spectroscopy showed complete 
conversion at the PSS, while in the corresponding non–functionalized motor the 
conversion from stable cis to unstable trans at the PSS obtained upon irradiating in the 
same solvent and at the same wavelength was about 90% (see Chapter 2).  
 
The sample was then allowed to warm up to 30ºC until the thermal conversion to the 
stable trans isomer (where the benzylic carbons are again in a pseudo-axial orientation) 
was complete (Figure 9e, acquired at -50ºC).  
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                    R = 
    
    
    
    
    
    
ppm 6.507.007.508.008.50  
 
Figure 9: 1H NMR measurements of motor 5.17 in DCM-d2. a) stable trans; b) after first irradiation (λ = 365 
nm): unstable cis; c) after first thermal step: stable cis; d) after second irradiation (λ = 365 nm): unstable 
trans; e) after second thermal step: stable trans. (all the spectra were acquired at -50ºC). 
  
a) stable trans             Ha       Hm     Hd    He   Hn  Hb Hp Hc   Hf    Hq     Hi Hg                      
b) 
    unstable cis 
                    Hm              Hn    He   Hp Hd  Hg Hf  Hq   Hi   Ha   Hc              Hb          
c) stable cis 
         Hm                  Hn      He Hd Hp  Hf   Hq       Hg+Hi       Hc      Ha       Hb 
d) 
       Hm     Ha  Hd  He Hn  Hb  Hq  Hc  Hf    Hp      Hi    Hg                   
e) 
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It is apparent that the 1H-NMR spectra in Figure 9a and Figure 9e are identical, proving 
that the structure obtained after the second thermal step is again the stable trans, and that 
one complete four stage cycle of 360º rotation has been successfully performed.  
 
In a final analysis, we can conclude that molecule 5.17 functions as a motor, in that no 
specific effect due to the new designed scaffold and the mesogenic moieties could be 













λ = 365 nm 
(R,R)-(P,P) 
stable trans 5.17 
(R,R)-(M,M) 
unstable cis 5.17 
Δ Δ 
λ = 365 nm 
(R,R)-(M,M) 
unstable trans 5.17 
(R,R)-(P,P) 
stable cis 5.17   
 












5.4.4  UV/Vis measurements and kinetic study 
 
A 3.5·10-5 M solution of motor trans 5.17 in dichloromethane was used for UV/Vis 
spectroscopy measurements. The UV/Vis spectra of the first half of the cycle are shown in 
Figure 10a. The spectrum at -50ºC was acquired, presenting two maxima at 356 and 375 
nm. The sample was kept at this temperature and irradiated with a 365 nm light until the 
PSS was reached. As in the NMR experiments a complete conversion of trans 5.17 was 
observed after irradiation, and considering that the solvent and the light used were the same 
in this experiment, the same conversion can be expected here. This means that the UV/Vis 
spectrum at the PSS is representative (within the accepted error of 3% for 1H-NMR 
spectroscopy) of the unstable cis 5.17. A bathochromic shift was observed, with a 
maximum at 405 nm and a decrease in absorption. Increasing the temperature to 30ºC for 
about 1 h resulted in a UV/Vis spectrum with a maximum at 372 nm (acquired at -50ºC). 
This spectrum is characteristic of a stable cis  isomer, and suggests therefore that the 
expected thermal rearrangement did occur. 
 
The same sample was used for the study of the second half of the cycle; UV/Vis spectra 
are shown in Figure 10b. Light at 365 nm was used at -50ºC to irradiate the previously 
obtained stable cis 5.17. When the PSS was reached, a UV/Vis spectrum was acquired at -
50ºC. On the basis of the 1H-NMR experiments, the PSS is known to contain >95% 
unstable trans. Also in this case a bathochromic shift (maximum at 402 nm) is clearly 
visible, together with an increase in absorption. After performing the second thermal step 
by increase of temperature of the solution (up to 20ºC), the resulting UV/Vis spectrum was 
acquired at -50ºC, and was found to be similar to the spectrum of the initial isomer, stable 
trans 5.17. The slight difference in the final UV/Vis spectrum after one cycle compared 
with that of the initial stable trans 5.17 could be rationalized considering the possibility 
that after completing one cycle we have no longer 100% trans, but a small amount of the 
motor (<3%)  is left in the cis isomer state. 
 
Isosbestic points were observed for each of the four steps. The results are shown in 
Figure 11. Figure 11a and Figure 11c refer to the photochemical steps, and spectra were 
obtained at regular intervals during irradiation; Figure 11b and Figure 11d refer to the 
thermal steps, and spectra were obtained at regular intervals during the thermal inversion. 
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Figure 10: UV/Vis study of molecule 5.17 (3.5·10-5 M in DCM). a) first half of the cycle: stable trans (thick 
line), PSS after irradiation (main product: unstable cis, thin line), after thermal inversion (main product: 
stable cis, dotted line); b) second half of the cycle: sample after the first thermal inversion (main product: 
stable cis, thick line), PSS after irradiation (main product: unstable trans, thin line), after thermal inversion 





























































Figure 11: UV/Vis irradiation experiments of molecule 5.17 in DCM (λ = 365 nm). a) photochemical 
step from stable trans to unstable cis; b) thermal step from unstable cis to stable cis; c) photochemical 





UV/Vis spectroscopic measurements were also performed to study the kinetics of the 
two thermal steps. 
A 300 nm filter was mounted on the exit of the light source in order to cut off short 
wavelenghts that might otherwise induce unwanted photochemistry during the thermal 
conversion. The changes in UV/Vis absorption as a function of time due to the thermal 
inversion at the specific wavelengths were measured at different temperatures (15, 20, 25 
and 30ºC for the thermal step of unstable cis 5.17 to stable cis 5.17 and -15, -10, 0 and 
+5ºC for the thermal step of unstable trans 5.17 to stable trans 5.17). From these data the 
rate constants (k) for the first-order thermal helix inversion processes at the different 
temperatures were obtained. The standard enthalpy of activation (Δ‡Hº) and the standard 
entropy of activation (Δ‡Sº) were determined from the rate constant by means of the Eyring 
plot, and from this, the Gibbs free energy of activation (Δ‡G) and the half life (t1/2) at 20ºC 
were calculated. The Eyring plots of the first thermal step (unstable cis to stable cis) and of 
the second thermal step (unstable trans to stable trans) are shown in Figure 12a and Figure 





























Figure 12: Eyring plot of motor 5.17, relative to: a) the first thermal isomerization step (unstable to stable 




 unstable to stable trans unstable to stable cis 
k20ºC 2.5·10-2 s-1 4.9·10-4 s-1 
Δ‡Hº 61 kJ·mol-1 80 kJ·mol-1 
Δ‡Sº -68 J·K-1·mol-1 -35 J·K-1·mol-1 
Δ‡G20ºC 81 kJ·mol-1 90 kJ·mol-1 
t1/220ºC 27 s 24 min 
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It is of interest to compare the speed of motor 5.17 with the speed of other related 
motors already studied. In Table 4 the half lives of the functionalized motors 5.17 and 5.13, 
and the benzyl motor 5.14 (Chapter 6), which represents their non-functionalized version, 
are summarized. 
 
The half lives of motor 5.17 were found to be very similar to those of the previously 
described motor 5.13, and of the same order of magnitude of the benzyl motor 5.14, 
Therefore, also in this case, the functionalization of molecular motor 5.17 not only does not 














24 min 21 min 13 min 
 
Table 4: Comparison of the half lives at 20ºC of the unstable isomers of motor 5.17, 5.13 and 5.14, measured 
in the same solvent (DCM). 
 
 
An application for motor 5.17 would be as dopant for LC in order to induce a 
cholesteric phase, the properties of which can be controlled by irradiation. For doing so, a 
resolution of the racemic material is necessary. Unfortunately, all the HPLC column tested 






5.5  A new looped motor 
 
 
5.5.1  Introduction 
 
In Chapter 3 a short loop was covalently connected to a molecular motor, forming a 16 
membered ring (molecule 3.39). It has been shown that this loop prevents the molecular 
motor from rotating, as it is to narrow to allow the motor moiety to pass through, changing 
the motor into a chiroptical switch with no ability to perform thermal rearrangements. 
Moreover, it has been found, following hydrogenating experiments, that a double bond in 
the loop influences the behavior of the molecule, and a thermal conversion from the 
equatorial trans to the axial cis isomer can occur in the version lacking the olefinic moiety 
in the loop. 
 
In this chapter, the new scaffold cis 5.3 is used to produce a new looped motor, which 
forms a 20 membered ring. Of note with respect to molecule 3.39, is that not only the size 
of the macrocycle is four atoms larger, but also that it appears more rigid, due to the 
presence of two aromatic rings. 
 
 
5.5.2  Synthesis 
 
The synthesis of compound 5.20 is shown in Scheme 10. Motor cis 5.3 was 
deprotonated with sodium hydride and then treated with allylbromide to give compound 
5.18 in 50% yield. A ring closing methatesis (RCM) was performed with 5 mol% of first 
generation Grubbs’ catalyst, which gave a new double bond in 5.19 as a mixture of isomers 
with E and Z configuration. This is evident by the presence of two different signals in the 
1H-NMR spectrum at 5.70 and 5.83 ppm, which belong to the vinylic protons of the E and 
of the Z conformation, respectively, and the sum of the integrals of which results to be 
equivalent to 2 protons, in agreement with the expected molecular structure. On the basis 
of these integrals, the E/Z ratio was calculated to be 5/1. The total yield was 27%, and also 
44% of the starting material was recovered. It has to be remarked that with this reaction, 
the same product is obtained from the starting material 5.19 with both the E and the Z 
geometries. A selective hydrogenation with Wilkinson catalyst of the alkene in the loop 
was performed on 5.19 in dry and degassed toluene to obtain the final product 5.20 in 15% 
yield. Under these conditions the alkene is reduced regioselectively with respect to the 
other alkene of the motor moiety. This is probably due to the fact that the double bond of 
the motor moiety, being tetrasubstituted and in the core of the molecule, is very hindered, 
and can not bind (or has a low binding constant) the bulky Wilkinson’s catalyst. On the 
contrary, the double bond of the loop has enough space to allow the action of the rodium π-
complex necessary for the reaction to proceed. 1H-NMR analysis showed indeed that the 
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absorptions of the vinylic protons (5.70 and 5.83 ppm) disappear, while all the absorptions 






5.19 5.20  
 
Scheme 10: Synthesis of 5.20. 
 
 
5.5.3  UV/Vis measurements 
 
A 4.3·10-5 M solution of cis 5.20 in dichloromethane was used for UV/Vis spectroscopy 
measurements. The spectrum of this solution was acquired at -50ºC (Figure 13, thick line), 
and presents a maximum at 375 nm. The sample was kept at this temperature and irradiated 
with a 365 nm light until the PSS was reached. A bathochromic shift was observed, with 
two maxima at 402 and 422 nm (Figure 13, thick dashed line), together with an increase in 
absorbance. A bathochromic shift is indicative of an equatorial conformation of the 
benzylic groups, and it is interesting to note that in this case two maxima are observed 
rather then one. Increasing the temperature to 20ºC for about 8 min, led to a UV/Vis 
spectrum with two maxima at 356 and 371 nm (acquired at -50ºC; Figure 13, thin line). 
This spectrum is characteristic of a stable trans  isomer, and suggests therefore that not 
only a thermal rearrangement occurred, but also that the product obtained after the 
irradiation was the unstable trans. 
A further irradiation with a 365 nm light was performed at -50ºC. The UV/Vis 
spectrum acquired at the PSS (Figure 13, thin dashed line) appears to be very similar to the 
one relative to the first PSS, which indicates that the unstable trans isomer is formed again. 
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Indeed, when the temperature was raised at 20ºC, a thermal change was observed, with a 
final spectrum (Figure 13, dotted line) identical to the one obtained after the first thermal 
step, indicative of the stable trans isomer. 
The fact that the spectra of the second PSS and thermal step present a lower absorbance of 
the first ones, may be due to the formation of side products that absorb at lower 




















Figure 13: UV/Vis spectra of 5.20 (4.3·10-5 M in DCM). Thick line: stable cis; thick dotted line: first 
photostationary state (unstable trans), thin line: first thermal step (stable trans), thin dotted line: second 
photostationary state (unstable trans again), more dotted thin line: second thermal step (stable trans again). 
(all the spectra were measured at -50ºC). 
 
 
In conclusion, the UV/Vis experiments indicate for 5.20 the working scheme shown in 
Scheme 11. Photoirradiation of stable cis 5.20 provides ustable trans 5.20, which can 
thermally isomerize to stable trans 5.20. However, photoirradiation of stable trans 5.20 
provided again unstable trans 5.20 as the main product. Therefore, the rotation of the 
motor unit in 5.20 is prevented by the loop which, due to steric hindrance, does not allow 
the photoisomerization of the stable trans isomer to the unstable cis. 
These results are consistent with those of the small looped motor discussed in Chapter 3 
(3.32), where also a small loop has been demonstrated to block the rotation of the motor 
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λ = 365 nm 
(R,R)-(M,M) 
unstable trans 5.20 
(R,R)-(P,P) 
stable cis 5.20 
λ = 365 nm Δ 
 (R,R)-(P,P) 
stable trans 5.20  
 
Scheme 11: Working scheme of 5.20. 
 
 
The presence of isosbestic points was verified for each of the above described steps. 
The results are shown in Figure 14. It can be seen that in every case isosbestic points were 
found, which indicates that in the time scale of the experiments, the processes are clean in 





































































Figure 14: Photochemical study of 5.20 (4.3·10-5 M in DCM) by UV/Vis spectroscopy: a) first PSS (λ = 365 




5.6  Conclusions 
 
 
A new functionalized molecular motor has been synthesized and used as scaffold to 
build systems of novel topology: a potential molecular walker functionalized with two 
pyridines, a dopant for liquid crystals functionalized with two mesogenic units, and a 
looped motor with a 20 membered macrocycle. The molecular walker 5.13 and the liquid 
crystal dopant 5.17 have been shown to preserve their unidirectional rotary function, and 
the kinetic study has demonstrated that the functionalization does not affect the thermal 
isomerization steps significantly compared with the corresponding non-functionalized 
molecular motor 5.14. They will be applied, respectively, on a Zn-TPP monolayer and in a 
liquid crystal matrix in future experiments. In the case of the looped motor, in order for the 
motor to rotate, one naphthaline moiety must pass through the loop. The experimental 
observations have shown that the rotation does not occur, indicating therefore that the loop 
is too small. As a consequence, the molecule has been found to exhibit a switch behavior: 
starting from the stable cis isomer, it can perform photoisomerization to the unstable trans 
and subsequently thermal conversion to the stable trans. At this point, after a further 
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irradiation, rather then to the unstable cis like in a standard case, the molecule converts 




5.7  Experimental section 
 
 
5.7.1  General remarks 
 
For other general experimental information, see general remarks  in the experimental 
section of Chapter 2. 
 
 
5.7.2  Computational details 
 
All the calculations were performed with the Hyperchem 7.5 software package.23 
Compound 5.13 was optimized at the PM39 level of theory.  
In case of compound 5.17, the motor moiety was optimized at the PM3 level; 
subsequently the remaining part of the molecule was optimized using the AMBER 03 force 
field21 keeping the atoms of the motor unit frozen. 
In both cases, the motor units have been optimized at their minimum of energy. For the 
remaining part of the molecules, no conformational analysis was carried out, therefore the 






Deprotected motor (5.3): tetrabutyl ammonium fluoride (TBAF) (2.00 ml of a 1 M 
solution, 2.00 mmol) was added dropwise to an ice cold dry THF (25 ml) solution of 
protected motor 5.11 (398 mg, 0.51 mmol) under a nitrogen atmosphere. The solution was 
left warming up to room temperature, and stirred for 1 h. The solvent was removed by 
rotary evaporation. Water (5 ml) was added, and the mixture was extracted with ethyl 
acetate (3 × 30 ml). The organic layers were collected, dried with MgSO4, filtered, and the 
solvent was eliminated under vacuum. Flash column chromatography on silica gel using 
toluene with a 3-6% ethyl acetate gradient as eluent (Rf = 0.30 and 0.45 in 
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toluene/ethylacetate 90:10 for the cis and trans isomer, respectively) gave cis 5.3 and trans 
5.3 both as yellow solids. The average yield was calculated to be 94% for cis 5.3 and 68% 
for trans 5.3. 
 
cis: 1H NMR (400 MHz, CDCl3) δ ppm 7.71 (d, J = 8.07 Hz, 2H), 7.65 (d, J = 8.18 Hz, 
2H), 7.45 (d, J = 8.14 Hz, 2H), 7.00-6.94 (m, 6H), 6.77 (d, J = 8.47 Hz, 4H), 6.58 (d, J = 
8.47 Hz, 2H), 6.41 (t, J = 8.25 Hz, 2H), 4.66 (s, 2H), 3.12-3.04 (m, 4H), 2.64-2.54 (m, 
4H), 2.50 (dd, J = 13.47, 6.92 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ ppm 156.8, 143.7, 
139.2, 137.2, 133.1, 132.0, 130.1, 129.5, 128.6, 127.7, 126.3, 124.2, 123.9, 123.2, 114.4, 
50.2, 39.8, 38.4. HRMS: calcd. for C40H31O2 [M-H+]-: 543.23186, found 543.23167. 
 
trans: 1H NMR (400 MHz, CDCl3) δ ppm 8.41 (d, J = 8.16 Hz, 2H), 7.99 (d, J = 8.39 Hz, 
2H), 7.83 (d, J = 8.09 Hz, 2H), 7.62 (t, J = 8.16 Hz, 2H), 7.56 (t, J = 7.91 Hz, 2H), 7.41 
(d, J = 8.14 Hz, 2H), 6.83 (d, J = 8.46 Hz, 4H), 6.64 (d, J = 8.52 Hz, 4H), 4.63 (s, 2H), 
3.49 (d, J = 14.10 Hz, 2H), 3.22-3.14 (m, 2H), 2.69 (dd, J = 14.95, 5.28 Hz, 2H), 2.50-
2.34 (m, 4H). 13C NMR (101 MHz, CDCl3) δ ppm 165.2, 149.1, 141.5, 140.8, 138.9, 
132.9, 130.3, 129.9, 128.7, 128.2, 127.9, 125.9, 124.8, 124.0, 121.1, 50.1, 37.4, 36.7. 





2-(4-Hydroxybenzyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (5.4): this 
compound was obtained in the same reaction to provide 5.9 and isolated by flash column 
chromatography. Rf = 0.29 in toluene/ethyl acetate 95:5. Very viscous yellow oil (1.91 g, 
6.62 mmol, 53%). 
1H NMR (400 MHz, CDCl3) δ ppm 9.18 (d, J = 8.06 Hz, 1H), 8.01 (d, J = 8.39 Hz, 1H), 
7.88 (d, J = 8.13 Hz, 1H), 7.68 (t, J = 7.67 Hz, 1H), 7.56 (t, J = 7.55 Hz, 1H), 7.43 (d, J = 
8.39 Hz, 1H), 7.12 (d, J = 8.41 Hz, 2H), 6.82 (d, J = 8.47 Hz, 2H), 5.90 (br s, 1H), 3.37 
(dd, J = 14.02, 4.34 Hz, 1H), 3.22 (dd, J = 17.64, 7.26 Hz, 1H), 3.10-3.02 (m, 1H), 2.93 
(dd, J = 17.62, 3.27 Hz, 1H), 2.68 (dd, J = 14.01, 10.15 Hz, 1H). 13C NMR (101 MHz, 
CDCl3) δ ppm 209.1, 157.3, 154.3, 136.0, 132.6, 131.3, 130.3, 129.9, 129.4, 128.9, 128.1, 
126.5, 123.9, 123.8, 115.4, 49.5, 36.4, 32.5. HRMS: calcd. for C20H16O2: 288.1150, found 






2-(Bromomethyl)naphthalene: this compound was prepared according to a literature 
procedure.1 2-Methylnaphthalene (14.3 g, 101 mmol), N-bromosuccinamide (NBS) (17.5 
g, 101 mmol) and dibenzoylperoxide (100 mg, 0.4 mmol) were dissolved in CCl4 (150 ml) 
 240
Increasing the stability of functionalized molecular motors. Aa new short looped molecular motor, a 
molecular walker, and a functionalized molecular motor for liquid crystals. 
 
and heated at reflux for 1 d with stirring. The solution was then cooled at room 
temperature, filtered, and the solvent was eliminated under reduced pressure. The light 
brown residue was purified by recrystallization from pentane, which gave 2-
(bromomethyl)naphthalene as white crystals. Alternatively, a better purification from 
succinamide was found to filter over a short path of silica gel eluting with pentane. 
Evaporation of the solvent under vacuum gave the product as white solid (15.8 g, 71 mmol, 
71%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.86-7.81 (m, 4H), 7.53-7.48 (m, 3H), 4.68 (s, 2H). 
13C NMR (50 MHz, CDCl3) δ 137.1, 135.2, 135.1, 130.7, 129.9, 129.8, 129.7, 128.7, 





Methyl 2-(4-(benzyloxy)benzyl)-3-(naphthalen-2-yl)propanoate (5.5): diisopropylamine 
(DIPA) (16.3 ml, 124 mmol) was dissolved in freshly distilled THF (400 ml) at -80ºC. n-
Butyl lithium (77.4 ml of a 1.6 M solution, 124 mmol) was added dropwise while stirring 
under a nitrogen atmosphere. After a period of 20 min at 0ºC, the solution was cooled 
down to -80ºC and ester 5.6 (32.06 g, 118 mmol) previously diluted in freshly distilled 
THF (100 ml) was added dropwise. After 1 h stirring under a nitrogen atmosphere, during 
which period the temperature was not allowed to raise above -50ºC, 2-
(bromomethyl)naphthalene (33.9 g, 153.4 mmol) dissolved in freshly distilled THF (50 ml) 
was added at -80ºC via a cannula. The mixture was allowed to warm up to room 
temperature overnight. Subsequently, the reaction was quenched with saturated aqueous 
NH4Cl and the product was extracted two times with 200 ml of ethyl acetate; the organic 
layers were collected, dried with MgSO4 and filtered. Further purification was achieved by 
flash column chromatography on silica gel using heptane with a 0 to 80% toluene gradient 
as eluent (Rf = 0.22 in heptane/toluene 1:1). The product was collected as a yellow oil 
(31.3 g, 76.3 mmol, 62%). Further purification can be achieved by recrystallization from 
ethyl acetate/heptane, which gives product 5.5 as white crystals. 
m.p. = 73.5-74.2ºC. 1H NMR (400 MHz, CDCl3) δ ppm 7.90-7.79 (m, 3H), 7.67 (s, 1H), 
7.54-7.40 (m, 6H), 7.40-7.32 (m, 2H), 7.15 (d, J = 8.57 Hz, 2H), 6.96 (d, J = 8.61 Hz, 2H), 
5.08 (s, 2H), 3.54 (s, 3H), 3.23-2.97 (m, 4H), 2.85 (dd, J = 13.52, 5.81 Hz, 1H). ). 13C 
NMR (101 MHz, CDCl3) δ ppm 175.3, 157.3, 137.0, 136.6, 133.4, 132.129, 131.2, 129.8, 
128.4, 127.9, 127.8, 127.5, 127.4, 127.4, 127.2, 127.1, 125.9, 125.3, 114.7, 69.895, 51.3, 
49.6, 38.1, 37.3. HRMS: calcd. for C28H26O3: 410.1882, found 410.1878. Elem. anal. (%): 







Methyl 3-(4-(benzyloxy)phenyl)propanoate (5.6): ester 5.7 (27 g, 150 mmol) was 
dissolved in 300 ml of freshly distilled THF and cooled at 0ºC. NaH (8.8 g of a 50% oil 
mixture, 184 mmol) was added portionwise with vigorous stirring. Benzylbromide (20 ml, 
168 mmol) freshly purified by filtration over silica, was added to the mixture. The mixture 
was heated at reflux for 6 h, and quenched with sat. aq. NH4Cl. The volatiles were 
removed under reduced pressure and the resulting mixture was extracted with diethylether 
(3 × 100 ml). The combined organic  phases were dried over anhydrous Na2SO4 and 
filtered. Recrystallization from diethylether gave the product as white square crystals (32.1 
g, 118 mmol, 77%). 
m.p. = 39.1-40.1ºC. 1H NMR (400 MHz, CDCl3) δ ppm 7.48-7.32 (m, 5H), 7.15 (d, J = 
8.70 Hz, 2H), 6.94 (d, J = 8.67 Hz, 2H), 5.06 (s, 2H), 3.69 (s, 3H), 2.93 (t, J = 7.78 Hz, 
2H), 2.63 (t, J = 7.78 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ ppm 173.3, 157.2, 137.0, 
132.7, 129.1, 128.4, 127.8, 127.3, 114.7, 69.9, 51.4, 35.8, 30.0. HRMS: calcd. for 
C17H18O3: 270.12558, found 270.12477. Elem. anal. (%): calcd. for C17H18O3: C, 75.53; H, 








Methyl 3-(4-hydroxyphenyl)propanoate (5.7): one drop of concentrated H2SO4 was 
added to a stirred solution of 3-(4-hydroxyphenyl)propanoic acid (25 g, 150 mmol) in 
methanol (200 ml). The mixture was heated at reflux for 8 h. Sat. aq. Na2CO3 (20 ml) was 
added, and the solution was concentrated under reduced pressure. Further 40 ml of water 
were added, and the resulting mixture was extracted with Et2O (3 × 100 ml). The combined 
organic  phases were dried over anhydrous Na2SO4 and filtered. Elimination of the solvent 
under reduced pressure gave compound 5.7 as a white solid (27 g, 150 mmol, quant.). 
m.p. = 79.4-80.0ºC. 1H NMR (400 MHz, CDCl3) δ ppm 7.05 (d, J = 8.28 Hz, 2H), 6.82 (d, 
J = 8.56 Hz, 1H), 3.69 (s, 3H), 2.90 (t, J = 7.71 Hz, 2H), 2.64 (t, J = 7.70 Hz, 2H). 13C 
NMR (101 MHz, CDCl3) δ ppm 174.3, 154.1, 131.6, 129.0, 115.1, 51.6, 35.8, 29.7. 
HRMS: calcd. for C10H12O3: 180.07863, found 180.07945. Elem. anal. (%): calcd. for 
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2-(4-(benzyloxy)benzyl)-3-(naphthalen-2-yl)propanoic acid (5.8): ester 5.5 (31.3 g, 76.3 
mmol) was dissolved in THF (250 ml) and a 3 M aqueous solution of NaOH (127 ml, 381 
mmol) was added, followed by 250 ml of methanol. The mixture was heated to reflux for 3 
h, and the volatiles were subsequently removed by rotary evaporation. After addition of 
water (100 ml), the mixture was acidified with conc. HCl till pH 3, and extracted with ethyl 
acetate (3 × 200 ml). The organic layers were collected, dried with MgSO4 and filtered. 
Elimination of the solvent under vacuum gave the product as a white solid (Rf = 0.14 in 
toluene/ethyl acetate 90:10; Rf = 0.47 in toluene/ethyl acetate 80:20) (28.7 g, 72.3 mmol, 
95%). Further purification can be achieved by recrystallization from ethyl acetate/heptane. 
m.p. = 140.0-140.6ºC. 1H NMR (400 MHz, CDCl3) δ ppm 7.85-7.74 (m, 3H), 7.63 (s, 1H), 
7.50-7.25 (m, 8H), 7.10 (d, J = 8.58 Hz, 2H), 6.89 (d, J = 8.60 Hz, 2H), 5.02 (s, 2H), 3.20-
2.91 (m, 4H), 2.80 (dd, J = 13.63, 5.98 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ ppm 
180.8, 157.4, 136.9, 136.2, 133.4, 132.2, 130.9, 129.9, 128.5, 128.1, 127.9, 127.5, 127.5, 
127.4, 127.3, 127.1, 126.0, 125.4, 114.8, 69.9, 49.3, 37.7, 36.9. HRMS: calcd. for 
C27H24O3: 396.1725, found 396.1718. Elem. anal. (%): calcd. for C27H24O3: C, 81.79; H, 







2-(4-(Benzyloxy)benzyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (5.9): to a 
solution of acid 5.8 (5 g) in freshly distilled DCM (100 ml) stirred at 0ºC, oxalylchloride 
(1.62 ml, 19 mmol) was added slowly, followed by 10 droplets of DMF. The mixture was 
stirred at 0ºC for 2 h. The solvent was removed by rotary evaporation, and new freshly 
distilled DCM (200 ml) was added. AlCl3 (3.34 g, 25 mmol) was added portionwise at 0ºC. 
The mixture was allowed to warm up to room temperature and stirred for 6 h additional. 
The reaction was quenched with sat. aq. NaHCO3 (20 ml), the organic layer was separated, 
and the acueous layer was extracted with DCM (3 × 40 ml). The organic layers were 
collected, dried with MgSO4, filtered, and the solvent was evaporated under vacuum. The 
mixture was quickly filtered over a short path of silica gel using toluene/ethyl acetate 95:5 
as eluent, in order to eliminate most of the impurities. Further purification was achieved by 
flash column chromatography on silica gel, using toluene with a 0 to 5% ethyl acetate 
gradient as eluent (Rf = 0.44 in toluene/ethyl acetate 95:5). Product 5.9 was obtained as a 
very viscous yellow oil (2.04 g, 5.38 mmol, 43%). 
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1H NMR (400 MHz, CDCl3) δ ppm 9.27 (d, J = 7.81 Hz, 1H), 8.05 (d, J = 8.35 Hz, 1H), 
7.93 (d, J = 8.12 Hz, 1H), 7.73 (t, J = 7.66, 7.66 Hz, 1H), 7.64-7.58 (m, 1H), 7.45 (d, J = 
8.37 Hz, 1H), 7.37-7.19 (m, 1H), 7.05 (d, J = 8.06 Hz, 2H), 6.83 (d, J = 8.03 Hz, 2H), 3.39 
(dd, J = 13.98, 4.30 Hz, 1H), 3.23 (dd, J = 17.62, 7.24 Hz, 1H), 3.12-3.03 (m, 1H), 2.96 
(dd, J = 17.62, 3.20 Hz, 1H), 2.74 (dd, J = 13.99, 9.90 Hz, 1H), 2.44 (s, 1H); 13C NMR 
(101 MHz, CDCl3) δ ppm 209.1, 157.3, 152.4, 135.9, 132.5, 131.2, 130.3, 129.3, 128.9, 
128.8, 128.5, 128.3, 128.1, 128.0, 127.9, 126.5, 123.9, 123.8, 115.6, 49.3, 36.3, 36.1, 32.3. 




    
2-(4-(tert-Butyldimethylsilyloxy)benzyl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
one (5.10): compound 5.4 (4.23 g, 14.3 mmol), TBSCl (3.32 mg, 22.0 mmol) and 
imidazole (3.00 g, 44.1 mmol) were dissolved in freshly distilled DCM (130 ml) and 
cooled at 0ºC. After stirring for 3 h, the reaction was quenched with water (40 ml). The 
organic layer was separated, and the acqueous layer was extracted with DCM (3 × 40 ml). 
The organic layers were collected, dried with MgSO4, filtered, and the solvent was 
eliminated under vacuum. The residue was purified by flash column chromatography on 
silica gel eluting with toluene/heptane 1:1 (Rf = 0.40 in toluene/heptane 80:20) to give 
compound 5.10 as a white solid (3.35 g, 8.32 mmol, 56%). Further purification was 
achieved by recrystallization from heptane, which gave the compound as colorless 
hexagonal crystals. 
m.p. = 106.5-107.4ºC. 1H NMR (400 MHz, CDCl3) δ ppm 9.20 (d, J = 8.36 Hz, 1H), 8.00 
(d, J = 8.34 Hz, 1H), 7.87 (d, J = 8.13 Hz, 1H), 7.68 (t, J = 7.65 Hz, 1H), 7.56 (t, J = 7.55 
Hz, 1H), 7.43 (d, J = 8.29 Hz, 1H), 7.13 (d, J = 7.67 Hz, 2H), 6.78 (d, J = 8.23 Hz, 2H), 
3.39 (dd, J = 14.00, 4.16 Hz, 1H), 3.22 (dd, J = 17.50, 7.24 Hz, 1H), 3.10-3.01 (m, 1H), 
2.93 (dd, J = 17.57, 3.23 Hz, 1H), 2.68 (dd, J = 13.74, 10.30 Hz, 1H), 0.99 (s, 9H), 0.20 (s, 
6H). 13C NMR (101 MHz, CDCl3) δ ppm 208.3, 156.8, 153.9, 135.6, 132.5, 132.2, 130.4, 
129.7, 129.3, 128.7, 128.0, 126.4, 123.9, 123.8, 119.9, 49.3, 36.4, 32.4, 25.6, 18.0, -4.4. 
HRMS: calcd. for C26H30O2Si: 402.2015, found 402.2031. Elem. anal. (%): calcd. for 
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Protected motor (5.11): titanium tetrachloride (547 μl, 4.96 mmol) was added dropwise to 
a suspension of zinc powder (649 mg, 9.93 mmol) in 35 ml of dry THF under vigorous 
stirring at 0ºC. After refluxing for 2 h, ketone 5.10 (1.00 g, 2.48 mmol) in dry THF (8 ml) 
was added, and the solution was heated at reflux overnight. The reaction was quenched 
with sat. aq. NH4Cl (10 ml), and the mixture was extracted 4 times with 50 ml of ethyl 
acetate. The organic layers were collected, dried with MgSO4, filtered, and the solvent was 
eliminated under vacuum. The residue was purified by flash column chromatography on 
silica gel using heptane with a 0 to 100% toluene gradient as eluent (Rf = 0.23 in 
heptane/toluene 90:10; the separation between cis and trans on the TLC plate was just 
noticeable),3 to give product 5.11 as a viscous yellow oil consisting of a mixture of cis and 
trans isomers. The total yield varied and ranged from 29 to 70% upon different times for 
the reaction, while the cis/trans isomeric ratio ranged from 1/2 to 2.2/1. 
1H NMR (400 MHz, CDCl3) δ ppm 8.45 (d, J = 8.10 Hz, trans 2H), 8.01 (d, J = 8.07 Hz, 
trans 2H), 7.84 (d, J = 8.06 Hz, trans 2H), 7.73 (d, J = 8.10 Hz, 2H cis), 7.67 (d, J = 8.06 
Hz, 2H cis), 7.65 (t, J = 8.27 Hz, 2H trans), 7.58 (t, J = 7.98 Hz, 2H trans), 7.48 (d, J = 
8.14 Hz, 2H cis), 7.43 (d, J = 8.14 Hz, 2H trans), 7.04-6.96 (m, 6H cis), 6.84 (d, J = 8.54 
Hz, 4H trans), 6.81 (d, J = 8.43 Hz, 4H cis), 6.68 (d, J = 8.48 Hz, 4H trans), 6.63 (d, J = 
8.37 Hz, 2H cis), 6.44 (t, J = 8.26 Hz, 2H cis), 3.52 (d, J = 13.74 Hz, 2H trans), 3.27-3.03 
(m, 2H trans, 4H cis), 2.77-2.57 (m, 2H trans, 4H cis), 2.57-2.43 (m, 4H trans, 2H cis), 
1.05 (s, 9H cis), 0.99 (s, 9H trans), 0.24 (s, 6H cis), 0.19 (s, 6H trans). 13C NMR (101 
MHz, CDCl3) δ ppm 153.8, 153.6, 143.9, 141.7, 140.9, 139.2, 139.1, 137.3, 133.8, 133.2, 
133.0, 132.2, 130.3, 130.1, 129.6, 128.7, 128.4, 128.0, 127.7, 126.6, 126.3, 125.7, 124.9, 
124.2, 124.1, 124.0, 123.4, 119.7, 119.6, 50.3, 50.2, 40.0, 38.8, 37.1, 36.6, 25.766, 25.6, 










Molecular walker (5.13): nicotinic acid (54.2 mg, 0.44 mmol) was dissolved in freshly 
distilled DCM (2.5 ml), cooled at 0ºC, and oxalylchloride (56.6 μl, 0.33 mmol) was added 
slowly while stirring, followed by 1 droplet of DMF. The mixture was stirred at room 
temperature for 2 h. Subsequently, the volatiles were eliminated by rotary evaporation, dry  
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DCM (1.5 ml) was added, and the mixture was added dropwise to a stirred solution of 
motor trans 5.3 (40 mg, 0.073 mmol) and DMAP (53.75 mg, 0.44 mmol) in freshly 
distilled DCM (2 ml) at 0ºC. The mixture was stirred over night at room temperature. The 
reaction was quenched with 2 ml of water, and the organic layer was separated. The water 
layer was extracted with DCM (2 × 7 ml). The organic layers were collected, dried with 
MgSO4, filtered, and the solvent was eliminated under vacuum. Flash column 
chromatography on silica gel using heptane with a 2-20% toluene gradient as eluent (Rf = 
0.45 in toluene/ethyl acetate 90:10) gave product 5.13 as a yellow solid (27.2 mg, 0.050 
mmol, 68%). Further purification can be achieved by recrystalization from 
chloroform/hexane, which gave the product as pale yellow crystals. 
1H NMR (400 MHz, CDCl3) δ ppm 9.38 (d, J = 2.16 Hz, 2H), 8.85 (dd, J = 4.85, 1.71 Hz, 
2H), 8.46-8.40 (m, 4H), 8.01 (d, J = 8.14 Hz, 2H), 7.85 (d, J = 8.19 Hz, 2H), 7.65 (t, J = 
7.53 Hz, 2H), 7.57 (t, J = 7.43 Hz, 2H), 7.48-7.41 (m, 4H), 7.04 (br s, 8H), 3.61 (dd, J = 
14.05, 1.94 Hz, 2H), 3.27 (ddd, J = 11.51, 5.25, 2.92 Hz, 2H), 2.75 (dd, J = 14.96, 5.33 
Hz, 2H), 2.59 (dd, J = 14.09, 11.70 Hz, 2H), 2.48 (d, J = 15.22 Hz, 2H). 13C NMR (101 
MHz, CDCl3) δ ppm 163.9, 153.9, 151.3, 148.6, 141.5, 140.8, 138.8, 138.6, 137.5, 133.1, 
130.3, 130.0, 128.8, 128.2, 126.3, 125.9, 125.6, 125.0, 124.1, 123.4, 121.1, 50.0, 37.3, 





4'-Pentylbiphenyl-4-carboxylic acid (5.15): compound 5.15 was prepared according to a 
literature procedure.20 Glacial acetic acid (2.5 ml), sulfuric acid (50% sol, 1.25 ml) and 4'-
pentylbiphenyl-4-carbonitrile (125 mg, 0.50 mmol) were heated to 120ºC and stirred over 
night. Subsequently, the white precipitate was filtered and washed with ice cold ethanol, 
and the volatiles were eliminated under reduced pressure. To achieve further purification, 
the residue was filtered of a short path of silica gel, eluting with toluene/ethyl acetate 90:10 
(Rf = 0.32 in toluene/ethyl acetate 1:1). Elimination of the solvent with rotary evaporation, 
gave product 5.15 as a white solid (16 mg, 0.43 mmol, 86%). The product was used 
without firther purification. 
1H NMR (400 MHz, CDCl3) δ ppm 8.17 (d, J = 8.24 Hz, 2H), 7.69 (d, J = 8.27 Hz, 2H), 
7.56 (d, J = 8.16 Hz, 2H), 7.29 (d, J = 8.04 Hz, 2H), 2.68 (d, J = 7.47 Hz, 2H), 1.68 (t, J = 
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Mesogene-functionalized motor (5.17): acid 5.15 (44.3 mg, 0.165 mmol) was dissolved 
in freshly distilled DCM (2 ml), cooled at 0ºC, and oxalylchloride (21.3 μl, 0.248 mmol) 
was added slowly while stirring, followed by 1 droplet of DMF. The mixture was stirred at 
room temperature for 2 h. Subsequently, the volatiles were eliminated by rotary 
evaporation, dry  DCM (1.5 ml) was added, and the mixture was added dropwise to a 
stirred solution of motor trans 5.3 (30 mg, 0.055 mmol) and DMAP (33 mg, 0.27 mmol) in 
freshly distilled DCM (2 ml) at 0ºC. The mixture was stirred over night at room 
temperature. The reaction was quenched with 2 ml of water, and the organic layer was 
separated. The water layer was extracted with DCM (2 × 7 ml). The organic layers were 
collected, dried with MgSO4, filtered, and the solvent was eliminated under vacuum. Flash 
column chromatography on silica gel using heptane with a 40-80% toluene gradient as 
eluent (Rf = 0.42 in heptane/toluene acetate 20:80) gave product 5.17 as a yellow solid (55 
mg, 0.053 mmol, 96%). Further purification can be achieved by recrystalization from 
chloroform/hexane, which after two cycles gave the pure product as white needles. 
1H NMR (400 MHz, CDCl3) δ ppm 8.44 (d, J = 8.22 Hz, 2H), 8.22 (d, J = 8.36 Hz, 4H), 
8.01 (d, J = 8.17 Hz, 2H), 7.85 (d, J = 8.23 Hz, 2H), 7.71 (d, J = 8.41 Hz, 4H), 7.66 (t, J = 
7.44 Hz, 2H), 7.60-7.53 (m, 6H), 7.44 (d, J = 8.16 Hz, 2H), 7.30 (d, J = 8.14 Hz, 4H), 7.04 
(br s, 8H), 3.60 (d, J = 14.29 Hz, 2H), 3.27 (ddd, J = 11.13, 5.04, 2.91 Hz, 2H), 2.74 (dd, J 
= 15.02, 5.30 Hz, 2H), 2.67 (dd, J = 7.97, 7.39 Hz, 4H), 2.57 (dd, J = 14.01, 11.81 Hz, 
2H), 2.48 (d, J = 15.33 Hz, 2H), 1.72-1.60 (m, 4H), 0.91 (t, J = 6.77 Hz, 6H). 13C NMR 
(101 MHz, CDCl3) δ ppm 165.2, 149.1, 146.1, 143.3, 141.6, 140.8, 138.9, 138.2, 137.1, 
133.1, 130.6, 130.2, 130.1, 129.0, 128.8, 128.2, 127.9, 127.1, 126.9, 126.3, 125.9, 124.9, 





Diallyl motor (5.18): motor cis 5.3 (40 mg, 0.073 mmol) was dissolved in freshly distilled 
THF (2.5 ml) and cooled in an ice bath under a nitrogen atmosphere. Sodium hydride 50% 
oil suspension (24.5 mg, 0.51 mmol) was added portionwise with vigorous stirring. The ice 
bath was removed after 0.5 h, and the stirring was continued over a period of 3 h. 
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Subsequently, allylbromide (177 mg, 1.46 mmol) was added, and the stirring was 
continued over night. The reaction was quenched by adding 4 droplets of water and the 
mixture stirred until the evolution of gas stopped. The volatiles were removed by rotary 
evaporation, and the residue was purified by flash column chromatography on silica gel 
using a mixture of toluene/heptane 1:1 as eluent (Rf = 0.24 in toluene/heptane 1:1) to give 
product 5.18 as a yellow very viscous oil (23 mg, 0.037 mmol, 50%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.73 (d, J = 8.17 Hz, 2H), 7.68 (d, J = 8.11 Hz, 2H), 
7.47 (d, J = 8.13 Hz, 2H), 7.04 (d, J = 8.50 Hz, 4H), 7.00 (t, J = 7.46 Hz, 2H), 6.89 (d, J = 
8.55 Hz, 4H), 6.62 (d, J = 8.46 Hz, 2H), 6.44 (t, J = 7.63 Hz, 2H), 6.11 (tdd, J = 17.21, 
10.50, 5.23 Hz, 2H), 5.46 (dd, J = 17.26, 1.59 Hz, 2H), 5.32 (dd, J = 10.50, 1.43 Hz, 2H), 
4.60-4.55 (m, 4H), 3.18-3.04 (m, 4H), 2.71-2.47 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 
ppm 156.9, 143.9, 139.2, 137.3, 133.4, 133.4, 132.2, 130.3, 129.6, 128.5, 127.7, 126.3, 
124.2, 124.1, 123.4, 117.5, 114.4, 68.9, 50.2, 39.9, 38.5. HRMS: calcd. for C46H40O2: 






Looped motor (5.19): motor 5.18 (50 mg, 0.080 mmol) was dissolved in dry DCM (80 
ml). Separately, 1st generation Grubbs’ catalyst (4 mg, 5 mol%) was dissolved in dry DCM 
(5 ml). Both solution were degassed by freeze-pump-thaw technique for three times; 
subsequently, they were mixed together and the solutions stirred at room temperature for 
four days. Methanol (3 ml) was added, and the volatiles were eliminated by rotary 
evaporation. The mixture was purified by flash column chromatography on silica gel using 
heptane with a 20 to 65% toluene gradient as eluent (Rf = 0.17 in toluene/heptane 1:1 and 
0.27 in toluene/heptane 4:1) to give the product as yellow very viscous oil (13 mg, 0.022 
mmol, 27%). 
1H NMR (400 MHz, CDCl3) δ ppm 7.73 (d, J = 8.15 Hz, 2H, cis + trans), 7.65 (d, J = 8.22 
Hz, 2H, cis + trans), 7.51 (d, J = 8.15 Hz, 2H, cis + trans), 7.03 (d, J = 8.44 Hz, 4H, cis + 
trans), 6.97 (t, J = 7.06, Hz, 2H, cis + trans), 6.76 (d, J = 8.46 Hz, 4H, cis + trans), 6.59 
(d, J = 8.42 Hz, 2H, cis + trans), 6.41 (t, J = 7.06, Hz, 2H, cis + trans), 5.86-5.81 (m, 2H, 
cis), 5.72-5.67 (m, 2H, trans), 4.75 (d, J = 13.99 Hz, 2H, trans), 4.70-4.64 (m, 2H, cis), 
4.64-4.55 (m, 2H, cis + trans), 3.35 (dd, J = 15.15, 6.11 Hz, 2H, cis), 3.27 (dd, J = 15.16, 
6.06 Hz, 2H, trans), 2.92 (m, 2H, cis + trans), 2.78 (d, J = 15.29 Hz, 2H, cis + trans), 2.69 
(dd, J = 13.06, 5.96 Hz, 2H, cis + trans), 2.47 (dd, J = 13.04, 7.27 Hz, 2H, cis + trans). 13C 
NMR (101 MHz, CDCl3, mix of allyl cis and trans) δ ppm 156.9, 156.0, 144.0, 139.4, 
137.4, 135.5, 134.5, 132.2, 130.3, 130.0, 129.9, 129.5, 128.5, 127.7, 127.7, 126.35, 124.3, 
124.3, 124.2, 124.1, 124.1, 123.4, 123.3, 117.6, 116.2, 68.5, 66.4, 52.4, 40.8, 38.7. HRMS: 
calcd. for C44H36O2: 596.2715, found 596.2736. 
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Hydrogenated looped motor (5.20): motor 5.19 (13 mg, 0.022 mmol) and Wilkinson’s 
catalyst (3 mg) were dissolved in freshly dry toluene (6 ml). The solution was degassed 
three times with freeze-pump-thaw technique. Subsequently, a hydrogen balloon was 
connected to the system, and the solution was saturated with H2 using again the freeze-
pump-thaw technique three times. The mixture was then stirred at room temperature for 2 
d. The product was purified by flash column chromatography on silica gel using 
toluene/heptane 60:40 as eluent (Rf = 0.24 in toluene/heptane 80:20). The product was 
recovered as a yellow viscous oil (2 mg, 0.0033 mmol, 15%).  
1H NMR (400 MHz, CDCl3) δ ppm 7.72 (d, J = 8.14 Hz, 2H), 7.64 (d, J = 8.13 Hz, 2H), 
7.51 (d, J = 8.19 Hz, 2H), 7.03 (d, J = 8.44 Hz, 4H), 6.96 (t, J = 6.91 Hz, 2H), 6.81 (d, J = 
8.50 Hz, 4H), 6.58 (d, J = 8.44 Hz, 2H), 6.41 (t, J = 7.02 Hz, 2H), 4.24-4.15 (m, 2H), 
4.15-4.06 (m, 2H), 3.27 (dd, J = 15.21, 5.83 Hz, 2H), 2.86-2.79 (m, 2H), 2.76 (d, J = 15.24 
Hz, 2H), 2.67 (dd, J = 13.00, 6.52 Hz, 2H), 2.46 (dd, J = 12.96, 7.10 Hz, 2H), 1.64-1.57 
(m, 4H). 13C NMR (101 MHz, CDCl3) δ ppm 156.6, 143.9, 139.3, 137.4, 134.8, 132.2, 
130.2, 129.6, 128.5, 127.7, 126.1, 124.3, 124.1, 123.3, 116.6, 68.6, 52.8, 40.6, 38.9, 25.7. 
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